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Abstract
Arsenic(As) is highly toxic to humans wherefore its removal from groundwater is a great challenge on areas with As-
containing minerals in soil. One of the most common technologies applied in purification of the unsafe waters is sorption. 
However, As species differ in their sorption behaviour. In anoxic conditions prevailing in groundwater, Asis present as
arsenite (AsIII) which has a decisively lower sorption tendency than arsenate (AsV) that can be efficiently retained on the 
surface of aluminum (Al) and iron (Fe) oxides in the soil. Furthermore, in anoxic conditions also Fe is present in ferrous 
form (Fe2+) not able to retain any anions. This study was undertaken to examine if the sorption of AsIIIfrom water can be
enhanced by using manganese oxide (MnO2) as an oxidizing agent transforming AsIIIto AsV. Batch experiments were 
carried out by using Light Expanding Clay Aggregate (LECA) and LECA coated with Al oxide (AOCL) or Fe oxide 
(IOCL) as sorbent materials. The results revealed that MnO2 resulted in a 4-fold, 3.7-fold and 3.2-fold increase in the As 
sorption onto LECA, IOCL and AOCL, respectively.
© 2013 Published by Elsevier B.V. Selection and/or peer review under responsibility of Asia-Pacific
Chemical, Biological & Environmental Engineering Society
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1. Introduction
Inorganic arsenic (As) is classified as a first group carcinogen based on the human epidemiologicy [1]. The 
exposure to it even at low concentrations may cause lung, bladder, liver, renal, and skin cancer. Therefore, in
1993 the World Health Organization adopted a new standard of 10 μg.L-1 for As in drinking water, replacing
the old standard of 50 μg.L-1 [2]. Millions of people worldwide are at potential risk of cancer due to chronic
As poisoning. In Bangladesh and India, for example, the drinking water supplies of more than 50 million
inhabitants exceed the upper limit of the As standard [3].
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Nomenclature 
As  Arsenic 
AsIII Arsenite  
AsV Arsenate 
MnO2 Manganese oxide 
LECA Light Expanded Clay Aggregate 
AOCL Aluminium Oxide Coated LECA 
IOCL Iron Oxide Coated LECA 
EAsC Equilibrium Arsenic Concentration 
C  Concentration of As in equilibrium solution (μg.L-1) 
Q  Amount of As sorbed (μg.g-1 sorbent) 
Xm  Sorption maximum (μg.g-1 sorbent) 
KL  Coefficient related to bonding energy (L.μg-1) 
In groundwater, arsenate (AsV) or arsenite (AsIII) are the main chemical species. AsV predominates in 
oxidized conditions and AsIII in reduced environment [4-6]. The toxicity of As is dependent on the species, 
AsIII being 25-60 times more toxic than AsV [7]. Several treatment methods have been developed for 
removing As from water. However, all of the treatment methods hitherto are developed for AsV, and fail in 
case of AsIII [8]. The most common option used is sorption [9, 10] onto the oxides of aluminum (Al) and iron 
(Fe). 
Effort is done on developing cheap and stable materials bearing Fe or Al oxides. For example, Light 
Expanding Clay Aggregate (LECA) is a man-made material consisting of small bloated particles of burnt clay. 
Recently, Haque et al. [11] and Amiri et al. [12] used LECA as a material for removing As from water.  
Hering et al. [13] reported that Fe oxide is superior to Al oxide as an As sorbent. However, in anoxic 
condition in deep wells, FeIII in oxide will be reduced to FeII not able to retain any anions. Furthermore, in 
anoxic condition the prevailing species is AsIIIwhich has a decisively lower sorption tendency to oxide surface 
than AsV[14].  
In anoxic condition the sorption ofAsIIIcan be enhancedby using a non redox-sensitive metaloxide as a 
sorbent and also by transformingAsIIItoAsVby using oxidizing agents. In contrast to Fe, Al is not a redox-
sensitive metal and, thus, it can be assumed to maintain its sorption tendency also at low redox potential. 
Manganese oxide (MnO2), for example, is one of oxidizing agents that not only can be oxidizingAsIIIto 
AsV,butit can also act as sorbent material[15]. In this study LECA wascoated with Fe or Al oxides in order to 
remove AsIIIand AsVfrom water. The aim was to test if oxide-coated LECA and the use of oxidizing agent can 
be utilized to enhance the removal of As from water in anoxic conditions. The efficiency of LECA, IOCL and 
AOCL for AsIII and AsVremoval and the effect of MnO2 on it were assessed in batch experiments.  
2. Material and method 
2.1. Sorbent 
For preparation of sorbent, LECA material wascrushed by hand and sieved to produce particlesof 1-0.63 
mm in diameter. Thereafter, 300 g of sieved LECA was soaked in acid solution(0.01 M HNO3) for 48 hours 
then rinsed eight times with deionized water and dried  (24 h). This material was divided into three 
portions. The first LECA portion used for Fe oxide coating (IOCL) was prepared by modifying the procedure 
of Edward and Benjamin[16]. Shortly, 0.5 M Fe(NO3)3·9H2O (purity more than 99%) was prepared in Milli
Q water and pH of the solution was adjusted to 11.5±0.5 by adding concentrated NaOH (purity more than 
99%) in drops during stirring. Then the solution was poured to 100 g of LECA on a stainless steel plate at the 
ratio of 1:2 (LECA: Fe(NO3)3 (w/w)) and the mixture was heated in oven at 110 C for 24 hours with stirring 
during the first four hours. The second LECA portion used for the Al oxide coating (AOCL) was prepared by 
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modifying the method of Han et al. [17]. Briefly, 0.5 M of Al(NO3)3 9H2O (purity more than 99%) was 
prepared in Milli Q water and pH of solution was adjusted to 12.0±0.5  with NaOH as above. The mixture 
materials were washed with deionized water several times to remove the excess Fe and Al compounds until 
bottle ready for use. The third LECA portion was left uncoated and used as a reference material. Total and 
oxalate extraction (i.e. poorly crystalline) metals in the sorbents are listed in Table 1.  
Table 1  Total and poorly crystalline (oxalate-soluble) aluminum and iron in uncoated (LECA), aluminum-coated (AOCL) and iron-
coated (IOCL) LECA materials (± RSD = relative standard deviation), (n= 3).  
 Total Poorly crystalline 
Sorbent Al mmol.g-1 
Fe 
mmol.g-1 
Al 
mmol.g-1 
Fe 
mmol.g-1 
LECA 2.2 ± 0.03 0.8 ± 0.04 0.12 ± 0.04 0.19 ± 0.02 
AOCL 3.2 ± 0.1 0.6 ± 0.04 1.80 ± 0.1 0.07 ± 0.01 
IOCL 2.2 ± 0.12 4.7 ± 0.42 0.50 ± 0.1 1.30 ± 0.1 
2.2. Experimental Design 
The removal of AsIIIby LECA materials was assessed by means of sorption isotherms without and with 
MnO2 oxidant. The 50 mLAsIIIsolution portions containing 0, 10, 25, 50, or 100 μg AsIIIL-1were poured 
intoplastic bottles containing 100mg ofa given sorbent, another 50 ml AsIII portion was poured into plastic 
bottles containing 10 mg MnO2and 100mg of sorbent. MnO2 was used also as sorbent as a reference material. 
The As sorption isothermsfor each sorbent were produced as follows: 100 mg of MnO2 was put inplastic 
bottles containing 50 mL of 0, 10, 25, 50, or 100 μg AsIII or AsV L-1 solutions. The control treatment with 
MnO2 was carried out without LECA materials. The mixtures were stirred at 130 rpm at room temperature for 
24 hours, centrifuged for 10 min at 3500 rpm, and filtrated through a 0.2 μm membrane filter (Nuclepore® 
polycarbonate), and analysed for As (method given below). The experiment was carried out with three 
replicates. 
2.3. Analysisof As 
Arsenic was determined by hydride generation - inductively coupled plasma optical emission 
spectroscopy(HG-ICP-OES) (Perkin Elmer 5100, sampler Perkin Elmer AS 90 Controller). The principle of 
this method is based on the conversion of soluble As to volatile arsine (AsH3).To improve  the sensitivity of 
analysis, samples were pre reduced prior to analysis by adding 2 ml of concentrated hydrochloric acid (37% 
HCl) and 1 mL of reducing solution containing 10% (w/v) potassium iodide (KI) and 5% (w/v) ascorbic acid 
(C6H8O6) to 1 mLof  sample. The solution was left to stand for 1 hto allow the conversion of AsVto AsIII. 
Following this procedure, the four channel sample pump (iCAP 6500 instruments) was used as a chamber to 
generate the gas phase hydride. The reaction starts by acidification of the sample in the cap with 5% 
HCl,thereafter itreacts with 0.5% sodium borohydride (NaBH4) prepared in 0.05% sodium hydroxide solution 
(NaOH). After that, the vapour introduced to ICP-OES for analysing at wavelengths 189nm.  
3. Results and Discussion  
Sorption isotherms were prepared by expressing the As sorption as a function of the As concentration in 
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the equilibrium solution.The data obtained were fitted to Langmuir isotherm model [18]: 
= 1 + 1   (1) 
whereC stands for the As concentration in the equilibrium solution (μg.L-1), Q is the amount of As sorbed 
(μg.g-1sorbent), Xm is the sorption maximum (μg.g-1sorbent), and KL is the coefficient related to bonding 
energy (L.μg-1). Coating of LECA with Fe or Al oxides increased the total and poorly crystalline Al and Fe in 
the sorbents and, thus, increased their chemical reactivity by increasing the number of sorption sites (Table 1). 
Consequently, LECA had a markedly lower sorption capacity to retain AsIIIthan the coated sorbents (Table 2).  
Table 2. Apparent maximum As sorption Xm(μg.g-1) and bonding strength KL (L.μg-1) before and after oxidizing with MnO2. Relative 
standard deviation (RSD) and regression coefficient (R2) of Langmuir equation (eq. 1) for LECA, AOCL, IOCL and MnO2 (n =3). 
Sorbent Species Xm 
μg.g-1 
KL 
L.μg-1 R
2 
LECA AsIII 44.8±2.7 5.7±0.7 0.9397 
LECA + MnO2 AsIII v 185.2±6.9 13.8±0.7 0.8625 
AOCL AsIII 109.9±4.2 6.0±0.2 0.9472 
AOCL+ MnO2 AsIII v 357.1±22.5 20.1±0.8 0.9913 
IOCL AsIII 121.9±8.5 6.3±0.5 0.9524 
IOCL+ MnO2 AsIII v 454.5±13.8 20.4±0.5 0.8849 
MnO2 AsIII 416.7±14.6 20.2±0.2 0.9015 
 
Coating of LECA resulted in about threefold increase in its apparent sorption maximum (Xm). However, 
AOCL and IOCL did not decisively differ in their sorption ability (Fig. 1a), which agrees with the sum of 
their poorly crystalline metals being about the same (Table 1). Furthermore, also the oxidizing agent regularly 
increased the maximum sorption capacity (Xm) and bonding strength (KL) of all LECA materials (Table 2). In 
LECA, MnO2-induced increase in Xm was fourfold and that in the bonding strength twofold. As for AOCL, 
thetransformation of AsIIIto AsVincreased the Xm approximately threefold, whereas in the case of IOCL 
fourfold. In both metal-coated sorbents, the bonding strength increased more than threefold.  It is noteworthy 
that when using MnO2, IOCL was a superior sorbent to AsIIIin comparison with AOCL (Table 2 and Fig. 1b).   
 
Fig. 1.The sorption of AsIIIonto LECA, AOCL, IOCL as a function ofAsIIIin equilibrium solution (EAsC)before oxidation (a) andafter 
oxidationwith MnO2(b). Note the different scales.  
The MnO2-induced increase in Xmfor AsIIIon the LECA materials can be explained by transformation of 
AsIIIto AsVthat has a higher sorption tendency for Fe and Al. Transformation of AsIIIto AsVby MnO2 is a 
complicated process. According to Wanget al.[19]the reaction between AsIIIand oxidant occurs both in 
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solution and on the surface of oxidant. The reactions can be described by following equations [20]: 
2 + 2 + 2 ( 2) · 2 3 4 +  (2) 
3 4 2 4 + +  (3) 
2 4 42 + +  (4) 
( 2) · 2 + 2 + 3 4 + 2+  (5) 
The H+ ions dissociated in the reactions 3 and 4 may react with the hydroxyl  groups (OH-) on the surfaces 
of coating Al and Fe (hydr)oxides and form aqua groups (H2O) that are more easily replaceable by AsV by 
ligand exchange than are OH-[21]. According to Lafferty et al. [22] and Manning et al. [4] AsVproduced in 
oxidation is sorbed onto MnO2. However, in our study the sorption tendency of AsVonto MnO2 was markedly 
lower than that of AsIII(Fig.2). On the other hand, MnO2 was decisively more efficient as a sorbent for 
AsIIIthan any of the LECA materials (Table 2). Thus, the possible formation of a stable AsV  MnII complex in 
the reaction between the AsVand divalent Mn ions produced in the oxidation reaction needs further studies.  
 
Fig. 2.The sorption of AsIII and AsV onto MnO2 as a function ofAsIIIand AsVin equilibrium solution (EAsC)  
4. Conclusion 
The removal of AsIIIby oxide coated LECA from groundwater can be enhanced by transformation of AsIIIto 
AsVby using an appropriate oxidizing agent. MnO2 can act as an oxidizing agent and at the same time as 
sorbent material.However, MnO2 showed to bedecisively more efficient in the AsIIIremoval than oxide-coated 
LECA materials. Fe oxide is a redox-sensitive compound and may lose its reactivity in anoxic conditions, but 
in combination with MnO2it an efficient sorbent material to be used in anoxic condition. However, when 
using MnO2 as an oxidant in combination with oxide material, the amount of oxidant would be the critical 
factor. This aspect needs further studies.  
Acknowledgments  
This study has been supported by the Erasmus Mundus External Cooperation Window Action 2 - Lot 
3.The author is grateful to QasemAlhaj Ali for his valuable assistance in typing.  
References 
[1] Ng JC, Wang J, ShraimA. A global health problem caused by arsenic from natural sources, Chemosphere 2003;52: 1353-1359. 
[2] WorldHealth Organization (WHO). Guidelines for drinking  water quality. 3rd ed. Vol. 1: 306-307. 2004. 
0
50
100
150
200
0 30 60 90 120 150
A
s  
so
rb
ed
 [μ
g.
g-
1 ]
EAsC [μg.L-1]
MnO2+AsIII MnO2+AsV
81 Nader Yaghi and Helinä Hartikainen /  APCBEE Procedia  5 ( 2013 )  76 – 81 
[3] Lie`vremont D, Bertin PN, Lett MC. Arsenic in contaminated waters: biogeochemical cycle, microbial metabolism and 
biotreatment processes. Biochimie 2009;91:1229-1237. 
[4] Manning BA, Fendorf SE, Bostick B, Suarez DL. Arsenic(III) oxidation and arsenic(V) adsorption reactions on synthetic 
birnessite. Environ SciTechnol 2002;36:976-981. 
[5] La Force MJ, Hansel CM, Fendorf S. Arsenic speciation, seasonal transformations, and co-distribution with iron in a mine 
waste-influenced palustrine emergent wetland. Environ SciTechnol2002;34: 3937-3943. 
[6] Fendorf SE, Eick MJ, Grossl P, Sparks DL. Arsenate and chromate retention mechanisms on goethite. 1. Surface structure. 
Environ SciTechnol1997;31:315-320. 
[7] Raven KP, Jain A, Loeppert RH. Arsenite and arsenate adsorption on ferrihydrite: kinetics, equilibrium, and adsorption 
envelopes. Environ SciTechnol 1998; 32:344-349.  
[8] Driehaus W, Seith R, Jekel M. Oxidation of arsenite(III) with manganese oxides in water treatment, Water Res 1995;29:297-305. 
[9] Boddu VM, Abburi K, Talbott JL, Smith ED, Haasch R. Removal of arsenic(III) and arsenic(V) from aqueous medium using 
chitosan-coated biosorbent. Water Res2008;42:633-642. 
[10] Jimenez-Cedillo MJ, Olguin MT, Fall Ch, Colin A. Adsorption capacity of iron- or iron-manganese-modified zeolite-rich tuffs 
for As(III) and As(V) water pollutants. Appl Clay Sci 2011;54:206-216. 
[11] Haque N, Morrison G, Cano-Aguilera I, Gardea-TorresdeyJL.. Iron modified Light Expanded Clay Aggregates for the removal 
of arsenic (V) from groundwater. Microchemical Journal 2008;88: 7-13. 
[12] Amiri H, Jaafarzadeh N,  Ahmadi M, Martínez SS. Application of LECAmodified with Fenton in arsenite and arsenate removal 
as an adsorbent. Desalination2011;272:212-217. 
[13] Hering JG, Chen PY, Wilkie JA, Elimelech M. Arsenic removal from drinking water during coagulation. J Environ Eng 
1997;123: 800-807. 
[14] Jeong YR, Fan MH, Van Leeuwen J, Belczyk JF. Effect of competing solutes on arsenic(V) adsorption using iron and 
aluminumoxides. J Environ Sci 2007;19: 910-919. 
[15] Lafferty BJ, Ginder-Vogel M, Zhu M, Livi JTK, Sparks DL. Arsenite oxidation by a poorly-crystalline manganese-oxide 2. 
Results from  X-ray absorption spectroscopy and X-ray diffraction. Environ SciTechnol 2010; 44:8467-8472. 
[16] Edward M, Benjamin MM. Adsorptive filtration using coated sand, a new approach for treatment metal  bearing wastes. Res J 
Water Pollut C 1989;61:1523-1533. 
[17] Han YU, Park SJ, Lee CG, Park JA, Choi NC, Kim SB. Phosphate removal from aqueous solution by aluminum (hydr)oxide-
coated sand. Environmental Engineering Research (Korean Society of Environmental Engineers).2009;14: 164-169. 
[18] BarrowNJ. The description of phosphate adsorption curves. J Soil Sci1978;29: 447-462. 
[19] Wang Y, Morin G, Ona-Nguema G, Menguy N, Juillot F, Aubry E, et. Arsenite sorption at the magnetite water interface during 
aqueous precipitation of magnetite: EXAFS evidence for a new arsenite surface complex. GeochimCosmochimActa 2008;72:2573-2586. 
[20] Oscarson DW, Huang PM, Hammer UT. Oxidation and sorption of arsenite by manganese oxide as influenced by surface 
coatings of iron and aluminum oxides and calcium carbonate. Water Air Soil Poll 1983;20: 233-244.  
[21] Hingston FJ, Atkinson RJ, Posner AM, Quirk JP. Specific Adsorption of Anions. Nature 1967;215:1459-1461. 
[22] Lafferty BJ, Ginder-Vogel M, Sparks DL. Arsenite oxidation by a poorly-crystalline manganese-oxide: 3. Arsenic and 
manganese desorption. Environ SciTechnol 2011;45:9218-9223. 
 
